There is a need for straightforward, novel diagnostic and monitoring technologies to enable the early diagnosis of COPD and its differentiation from other respiratory diseases, to establish the cause of acute exacerbations and to monitor disease progression. We sought to establish whether technologies already in development could potentially address these needs. A systematic horizon scanning review was undertaken to identify technologies in development from a wide range of commercial and non-commercial sources. Technologies were restricted to those likely to be available within 18 months, and then evaluated for degree of innovation, potential for impact, acceptability to users and likelihood of adoption by clinicians and patients with COPD. Eighty technologies were identified, of which 25 were considered particularly promising. Biomarker tests, particularly those using sputum or saliva samples and/or available at the point of care, were positively evaluated, with many offering novel approaches to early diagnosis and to determining the cause for acute exacerbations. Several wrist-worn devices and smartphone-based spirometers offering the facility for self-monitoring and early detection of exacerbations were also considered promising. The most promising identified technologies have the potential to improve COPD care and patient outcomes. Further research and evaluation activities should be focused on these technologies.
Introduction
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death globally and presents a significant burden to patients, carers and health services worldwide.
1,2 More than 1.5 million adults are known to be diagnosed with COPD in England and Wales, and a further 3 million adults are estimated to be living with undiagnosed COPD. 3, 4 Improving the care and outcomes for people with COPD is a priority for the National Health Service (NHS) in England, which aims to reduce premature mortality from respiratory disease, avoid unnecessary hospital admissions and improve the quality of life and support for patients with long-term conditions and their carers. 5 However, several current issues remain in the diagnosis and monitoring of COPD, some of which could be resolved by technological developments or novel disease biomarkers.
Several authors have noted limitations in the use of spirometry to diagnose COPD due to differing guidelines as to what constitutes COPD, difficulties in technique encountered by frail or cognitively impaired patients, and a lack of awareness and knowledge in primary care leading to delayed diagnosis, especially in non-smoking subgroups. [6] [7] [8] [9] In addition, some commentators have proposed a need for improved diagnostic criteria where asthma and COPD coexist, observing that non-specialist clinicians frequently find it difficult to both diagnose and manage this situation, 8, 10, 11 whilst others consider that additional emphasis should be placed on early detection. 9, 12, 13 There is an unmet need for simple, accurate testing approaches that would enable early diagnosis and differentiation from other respiratory diseases. 13 As part of the ongoing care of COPD, patient self-monitoring is increasingly being recognized as beneficial, with evidence indicating this may improve health-related quality of life and the recognition and management of acute exacerbations, 14, 15 and self-monitoring is recommended in guidelines from the National Institute for Health and Care Excellence (NICE). 2 However, the most effective approach to self-management in COPD is not known. 14 Finally, several commentators identify the need to determine the cause of acute exacerbations as a research need; this would allow treatment to be tailored to the underlying pathology. 16, 17 Correspondingly the NICE Database of Uncertainties about the Effects of Treatments includes questions about the appropriate use of corticosteroids and antibiotics for the management of acute exacerbations of COPD. 18, 19 As only around half of exacerbations are associated with a bacterial infection and a only a third of exacerbations demonstrate eosinophilic inflammation, the use of these agents may expose many patients to significant adverse effects and the potential development of antibiotic resistance for no apparent benefit. 20, 21 There is an unmet need for novel diagnostic or monitoring approaches, particularly those available at the point of care, to establish the cause of acute exacerbations and to monitor the progression of the disease.
Horizon scanning systems, or early awareness and alert systems, aim to identify significant health technologies prior to launch that may require further assessment or planning prior to adoption. 22, 23 A horizon scanning review uses systematic methods to identify, filter, prioritize and present early information on all new and emerging technologies relevant to the area of interest, however, it does not assess the evidence supporting the identified technologies, validate the claims made about them by developers or comprehensively evaluate the potential impact they may have on clinical care. 24, 25 We sought to identify new and emerging technologies already in development for the diagnosis or monitoring of COPD that could potentially address the unmet research and clinical practice needs identified above, and then use the views of clinical experts and patients with COPD to establish which of these technologies could be considered the most innovative, acceptable and likely to make an impact on patients and health services in the future. This horizon scanning review forms part of the National Institute for Health Research Horizon Scanning Research and Intelligence Centre work programme. The full report is available on the Centre's website (http://www.hsric.nihr.ac.uk/news/whatdoes-the-future-hold-for-copd-diagnostic-and-monitoring-technologies/) and will be used to inform healthcare policymakers, commissioners, researchers, research funders, clinicians and patients about new technologies 'on the horizon' for the management of COPD. Ethical approval was obtained from the University of Birmingham's Internal Ethical Review Committee (reference: IERC2014-5/C1/SF/07).
Methods

Identification and filtration of technologies
Between January and March 2015, potential technologies for the diagnosis and monitoring of COPD were identified by searching relevant online databases and other websites (Table 1) using pre-specified search terms (Table 2 ) and eliciting suggestions from clinical experts. Initial search findings were filtered to include only those technologies which were new (already licensed/CE marked or launched in the United Kingdom for 24 months -in the launch, early post-marketing or early diffusion phase) or emerging (in development and expected to be licensed/CE marked in the next 18 months -in late phase clinical trials, prelaunch or pre-marketing phase), and results were further prioritized to include only those technologies that demonstrated, or claimed to demonstrate, some degree of innovation (either a completely novel technology, with no direct comparators already marketed, or a significant development from existing marketed products).
Clinical experts were identified from initial scoping and literature searches and the NICE COPD guideline development and review panel. Fifteen clinical experts were contacted via email and asked to act as review advisors, five of whom subsequently agreed, resulting in an expert panel comprising consultant respiratory physicians, a general practitioner with a special interest in respiratory disease and a clinical nurse specialist. Clinical experts were emailed the table of identified technologies and asked to provide their views on each technology's level of innovation, potential for impact (on patients and the delivery of health services), potential barriers to adoption and any further comments. They were also asked to identify any additional relevant technologies or relevant research they were aware of that had not already been identified.
Patients with COPD were identified from the patient advisory group to the existing Birmingham Lung Improvement StudieS (BLISS) research programme. 26 Members of the group were approached using a standard email or letter informing them of the review and inviting them to participate. Three patients subsequently agreed and were sent the table of identified technologies and asked to provide their views on each technology's level of innovation, potential for impact (on patients and the delivery of health services) and acceptability to users, along with any further comments.
Review output
All identified new and emerging technologies for the diagnosis or monitoring of COPD were included in the final report. Clinical expert and patient views were used to identify those technologies that were considered to demonstrate a high degree of innovation and/or a significant potential for impact and adoption by the NHS in England.
Results
Eighty new and emerging technologies for the diagnosis and monitoring of COPD were identified (Table 3, Figure 1 ). These included 31 biomarkers, 21 Holbaek Hospital, Denmark. Phase IV.
Serum Procalcitonin Rapid biomarker test for the diagnosis of a COPD exacerbation.
Ramathibodi Hospital, Bangkok.
Proof of concept study.
Heat shock protein 27 biomarker Biomarker test for the diagnosis of early COPD before it is detectable by lung function tests.
University Department of Surgery at MedUni, Vienna.
Test of hypothesis trial.
(continued) VA Boston Health Care System, USA.
Phase IV.
(continued) resp.io, USA.
No trials found.
Questionnairebased technologies DECAF scoring system A simple yet effective predictor of mortality in patients hospitalized with an exacerbation of COPD.
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Biomarker technologies
Thirty-one biomarker tests were identified and included in the report, the majority based on blood Several inflammatory blood biomarkers were proposed for the monitoring of COPD for risk of an acute exacerbation. However, fibrinogen and C-reactive protein (CRP) were noted to be 'non-specific indicators of inflammation' and therefore 'unlikely to be much impact or . . . [high adoption]'. In contrast, procalcitonin was thought to be a 'more specific marker of infection'. Researchers claimed it was able to differentiate between a bacterial and nonbacterial cause of acute exacerbations, prompting an expert to state ' . . . a strong chance of high impact (more appropriate exposure to antibiotics) and adoption'. The Home Use Sputum Test may provide advance warning of an acute exacerbation in the community and experts were very positive, commenting 'this would be useful and may help identify pathogens early so treatment can be commenced', and highlighting the potential to 'reduce antibiotic use', though also noting 'identifying a bacterium does not always mean that the cause of symptoms is identified'. Patients commented on its potential to 'reassure patients'. Other technologies aimed to identify the cause of acute exacerbations in order to better direct specific management. Experts commented that the use of peripheral blood eosinophil count as a biomarker to direct corticosteroid therapy was 'worth exploring more', though impact was judged to be 'unclear, as most exacerbations are in the community and [this biomarker] will need a blood test'. The CRP POC test was considered innovative, providing an accessible fingerprick test in community settings. One expert remarked 'yes to innovation, yes to potential impact and adoption is a strong possibility if shown to help decision making'.
Telehealth technologies
Telehealth is a popular area of development in technologies for chronic diseases and represented a large proportion of all technologies identified. Many devices were in a late stage of development from established commercial developers and had already obtained a CE mark, making them more likely to come to market within the specified timeframe. However, telehealth was generally viewed negatively by the clinical experts, with comments aimed at the category as a whole rather than in-depth review of each technology. Experts cited a UK multicentre trial of touchscreen telemonitoring for COPD 27 and a systematic review and meta-analysis of telehealth for COPD, 28 commenting on the current high estimates for cost-effectiveness of similar technologies and the lack of evidence that they improve quality of life or reduce mortality. In addition, experts expressed Chronic Respiratory Disease 13 (4) concern about the burden on clinicians, saying 'the problem with this kind of technology is that you need a healthcare professional to look at the data'.
Imaging technologies
The majority of imaging technologies were considered highly innovative, but clinical experts believed their use would be restricted to research or specialist centres, so that uptake was likely to be very limited, and these technologies had little potential for impact across the whole of the NHS.
Vital sign monitoring technologies
Four devices offered novel methods for monitoring COPD. Both EverOn and the Respiratory Holter technologies monitored respiratory rate, with one expert noting 'the accurate long-term measurement of respiratory rate in hospital/home may be useful'. However, neither were particularly novel and experts were unsure whether they would be 'useful in the real world'. Similarly, Capno-Pulse received mixed comments from experts, with some identifying a role for improved non-invasive arterial blood carbon dioxide monitoring and others unclear whether it had potential for impact. However, patients were generally more positive, saying they would be willing to try these devices.
Spirometry technologies
These devices use a smartphone mounted, handheld device for home monitoring of COPD. Most clinicians are aware that monitoring current spirometric parameters does not reliably detect deterioration or exacerbation in COPD, though changes may be evident in asthma and potentially asthma-COPD overlap. 2 However, comments were mostly encouraging, with good potential for adoption when used in conjunction with training and appropriate follow-up. Patients considered these technologies 'could have [a] considerable impact' and were 'definitely' acceptable to users. Two devices incorporate Bluetooth technology, however, the additional impact of this connectivity was thought to be limited due to the requirement for an interpreting clinician and patients' ability to respond to the results.
Questionnaire-based technologies
Questionnaires were considered acceptable by patients providing they were not too long as 'patients do get tired of filling in forms'. Two questionnaires aimed to monitor the severity of exacerbations in order to inform clinical decisions regarding care. The Dyspnoea, Eosinopenia, Consolidation, Acidaemia and atrial Fibrillation (DECAF) score was considered a 'useful innovation to predict safe early discharge', whilst experts disagreed about the Dyspnoea, Obstruction, Smoking, Exacerbation (DOSE) index, with one noting that it is 'well validated . . . difficult to see why not used more' and another commenting 'not clear to me that it is any advance over existing risk assessment tools'. Two questionnaires were aimed at COPD diagnosis. The COPD screening questionnaire includes smoking history and symptoms and aims to facilitate early diagnosis. Again, experts were divided in their opinions. One commented it was 'a useful way to identify and encourage people to get spirometry' whereas another said it was 'not novel, tools already exist'.
Other technologies
Three technologies aimed to diagnose the cause of acute exacerbations in order to direct treatment. The developer of Respiratory Virus Point-Of-Care (ResPOC), a point-of-care test, claims it is capable of identifying respiratory viruses within 1 hour, with an equivalent accuracy to that of standard laboratory tests. Multiplex-polymerase chain reaction uses similar technology to diagnose viral infections using samples of tracheal or nasal aspirate, whilst HIRA-TAN may provide rapid and sensitive identification of bacterial pathogens. All of these three similar technologies received positive comments from experts, noting they were 'innovative' with high 'potential for impact and adoption'.
Discussion
We identified a large number of new and emerging technologies for the diagnosis and monitoring of COPD, almost a third of which were considered to be innovative with significant potential for impact on patients and health services and be appropriate for adoption by the NHS. The technologies included in this horizon scanning review broadly addressed the issues identified as key research and unmet practice needs. Novel biomarkers offered a potential future alternative approach to early diagnosis and the differentiation from other respiratory diseases, including several based on sputum or saliva samples with results available at the point of care. Experts were less favourable about non-COPD-specific biomarkers of inflammation, though plasma fibrinogen has since become the first COPD biomarker to receive Food and Drug Administration approval for use in interventional clinical trials. 29 Many technologies offered the potential to facilitate patient self-monitoring, including vital sign monitors (including wearable technologies), telehealth systems, smartphone-based spirometers and biomarkers, with a home-use sputum test potentially allowing advance warning of an acute exacerbation. Patients emphasized their preference for compact, simple, easy to use and portable monitoring devices that did not interfere with daily life, so that wrist-worn devices were preferred over vest-like wearable devices. Importantly, six innovative technologies were identified with the potential to establish the cause of an acute exacerbation, two of which offered this as at the point of care. These could enable treatment of acute exacerbations to be tailored to the underlying pathology, potentially avoiding the unnecessary use of antibiotics and corticosteroids.
The review used an established horizon scanning review methodology to systematically identify technologies. 22, 24 The approach aims to ensure that all technologies appropriate to the review are identified, and this is facilitated by the use of multiple online sources, including specialist media, health technology assessment organizations, regulatory authorities, research funders, subscription-only commercial research and development databases, clinical trial registries and professional and patient groups, in addition to bibliographic databases of published medical literature and specialist journals. However, it is not possible to claim that all possible technologies have been identified as this is dependent on commercial, media and academic reporting, though reassuringly clinical experts did not know of any relevant technologies in development that had not already been identified. A particular limitation of horizon scanning reviews is the restricted information on each technology upon which to base inclusion/exclusion, filtration/prioritization and assessment decisions. It is common for there to be limited publicly accessible information and scientific data available for technologies in development or the early launch stage, and we made no attempt to validate developers claims for their products, all of which require further clinical validation using patient-relevant outcomes and information on costs prior to adoption.
The views of clinical experts and patients with COPD provided essential insights into the place of identified technologies in COPD management and the acceptability of individual technologies to users. For some technologies, there was disagreement as to their potential impact, reflecting the individual's particular perspective, experience of similar developments and local pathways of care. This was important, as we sought consensus before labelling a technology as particularly promising. Telehealth was a particular source of disagreement in this review, with technologies receiving generally negative comments from clinical experts, citing impracticality, the existing evidence base and cost as a barrier to use, whereas patients were broadly in favour of devices that enabled them to self-monitor and communicate with clinicians. Experts also noted the lack of evidence that variables such as cough frequency or inhaler use were associated with the risk of an acute exacerbation, and that clinical trials of such systems typically measured success in terms such as patient satisfaction, as opposed to conventional clinical parameters, admissions or healthcare utilization. In a field becoming increasingly saturated with similar products, yet experiencing little adoption by the NHS, it seems unlikely that telehealth will become part of routine COPD care until it is shown to improve patient outcomes and a feasible cost-benefit balance is achieved.
Conclusion
This review identified several innovative technologies with the potential for impact in a disease with a significant burden in the United Kingdom and worldwide. The most promising technologies have the potential to improve the early diagnosis of COPD, facilitate patient self-monitoring and establish the cause of acute exacerbations, potentially at the point of care. These technologies have the potential to contribute to addressing key priorities in the NHS Outcomes Framework, namely reducing premature deaths from respiratory disease, enhancing the health-related quality of life of patients with COPD and the quality of life of their carers, ensuring people feel supported to manage their condition and reducing unplanned admissions and time in hospital. 5 In addition, this review identified many technologies in the fields of telehealth and wearable technologies that were considered to be less promising, impractical or poorly directed. This review enables the focus of future research funding and NHS health technology assessment activities to be appropriately targeted, thereby 334 Chronic Respiratory Disease 13 (4) facilitating the adoption of technologies with the potential to make a significant impact on NHS COPD care and the quality of patients' lives.
